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PREFACE

We would like to thank Dr. C. J. Rice for providing us with the

S3-i  orbital data .
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INTR ODUCTION

Th e anal ys i s  of long- te rm changes in the inclination of ea r th -

o rbiting satelli tes is a valuable tool for  invest igat ing the cha rac te r i s t i cs

of upper-a tmospheric  winds.  The major i ty  of this work has been

ca r ried ou t b y King-Hele  and his  colleagues (see King-Hele , 1972a

for a review)  and has revealed an average eastward rotation of the

atmosphere  in the alti tude range ~lOO - 35O km. Little information

re garding the nor th - sou th  component of the winds has been gathered

in this way because of the small e f fec t  of this wind component on long-

term satellite incl inat ion changes ;  howeve r , recen t studies (King -Hele ,

1976) have been aimed at this aspect  of the problem. Furthermore,

the diurnal variat ions of the wind fi e ld have been treated in this way

onl y very  recentl y (Blum and Schuchardt , 1976), but this stud y applied

onl y to exospher ic  h eights . The pr imary obstacle in such a study a r i ses

f rom the fact  that the local time at per igee , where  the fo rces  norma l

to the orbit plane due to winds are  most  effect ive , chang es cons iderably

on the tirnt ’ sca le neces sa ry  for  s ignif icant  changes in inclination to

occur;  thus , the diurnal variat icns in wind s are d i f f icu l t  to isolate .

However , in principle , th is techni que is complementa r y to incoheren t

scatte r rada r (Evans , 197Z; Amayenc , 1974) and Fab ry-Pe ro t  inter-

ferometr ic  (Hernande 7 and Roble , 1976) determinations of thermospheric

winds .
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None of the previous studies of satellite inclination changes has

taken explici t  account of possible ef fec ts  of aerodynamic lif t . This

is  p ri mari ly because no accura te  at t i tude information has been

ge n eral ly available . Fur thermore, the aerod ynamic lift effects

on s pher ical  or nea r - spherical  satellites should be neg ligible .

However , Kar r  and Yen (1970)  and K a r r  et al. (1 975 )  have shown tha t

the ef fects  of aerod yna mic lift on various orbital elements can be consid-

erab le , es peciall y for  a satellite which has large planar su r fac I ~s or a

f ixed at t i tude relative to its velocity vector .

The pu r p o s e  of th e p resen t pa per is to evaluate th e eff ects  of

u pper -a tmospher ic  winds  and aerod ynamic lift on the inclination of the

S3- l  satellite.  As will become clear , the facts tha t the orbi t  was nearl y

sun-synchronous and that the orientat ion of the satellite was almost

f i x e d  and was  c lose ly monitored allow a detailed stud y of d iurna l  var ia t ions

of upper-atmospheric  winds and the effects  of aerod ynamic lift  on the

infe r red  values of wind speeds , and an estimate of the thermal accommodation

coef ficient.

-8-
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THE SATELLIT E AND ITS ORBIT

S3-l , a research satellite developed under the U. S. Air Force

Space Test Prog ram , was placed into near sun-synchronous orbit in

late 1974 . The pay load consisted of a number of instruments designed

to measure thermospheric density and composition. On November 4,

1974 , character is t ics  of the orbit were as follows:

Apogee heig ht 3767 km

Peri gee height 159 km
Eccentr ic i ty ,  e 0. 217
Inclination, i 96 .98 deg

Right ascension of ascending node , ç~ 29. 04 deg

Argument of perigee , w 125 .43 deg
Period , T 126. 1 mm .

Fi gure 1 shows the evolution of i , i., and T during the period

November 4 , 1974 to May 26 , 1975. Since the orbit is nearly polar ,

the latitude of per igee  X can be de t er mine d by inspection of w in Fig. 1

( s in ) . sin sin i). The local time of perigee occurred approximately in

the meridian plane containing the local time s 8 and 20 hr. (Further infor-

mation regarding the local time of perigee is given in Table 2 below. )

The orbit of the S3-l satellite was especially suitable for drag

analysis because of the unusually high quality and completeness of orbit

and attitude parameters.  Tracking was performed by the USAF S-band

Space-Ground Link System (SGLS), which utilizes an up-link active tracking

-9-



., .-
~~

-,,-— -... .——, - —.. - , ---.-
~~ —.—-- . .-

~ 
.- —— - ______

96 .90

L)

96.70 — —

360 -- -- - - - - - - -- _ _ _ _

~~~210 - -

~~~ 180 -
~~ 

~~~ 

—___ ___ .

~~~~~~~ 

.

80 4~— 4 ~~~~~~~~~~~~~4 4 4 4 1
NOV DEC JA N FEB M AR APR M AY JUN

~~~~
-— - —— 1914 — --_______ - -  - - - —---- ——

~~
-—- 1975 — i

Fi g u r e  1. S at e l l i t e  inc l ina t ion  i , a r g u m e nt of per i g ee w an d
orb i t a l pe r iod  T as a func t ion  of t ime.
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I
signal having a pseudo-random noise ( P R N )  ranging code which is

echoed back to the remote t rack ing  station b y a phase-locked transponder.

R o u n d - t r i p  timing of the s ignals  along with Doppler shift  measurements

allowed range and range- ra te  to be der ived.  These quantities along with

the observed satellite ai imuth  and elevation were  used to compute orbital

ele ments. On-board ear th  horizon sensor , sun ang le sensor, and three-

axi s magnetometers  allowed determination of the satellite attitude.

M a g n e t i c  torque coi l s enab led the s pin axis to be maintained nearl y

normal  to the orbi t  plane . The satellite was contacted about six time s

per day in order  to ensure  adequate tracking information. Orbithi elements

and sp in axis orientation were computed at least once per day throughout

the satellite lifetime . The inclination data has a root-mean-square ( rins)

e r r o r  on the order  of 10~~ deg; Two hundred thirteen sets of orbita l

ele men t s and s pin axis  or ientation para me te r s  ( rig ht ascension and

declination) were used in the present  stud y.

In addition to the orbital elements and attitude parameters , the

sate llite shape is of importance in considering aerod ynamic effects.

Photographs of the actual satellite and access to an accurate  full sized

mock-up ensured adequate knowled ge of shape and dimensions for this

study.

— 1 1 —  
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CALCULATION AERODYNAMIC FORCES

The aerod ynamic fo rces  exerted on a bod y traveling throug h a

gas in the free  molecula r flow regime depend on the details of the

in te rac t io n of the imp ing ing gas part icles with the surface of the body.

A two-paramete r model (Kar r  and Yen , 1970; Kar r  et al . ,  1975) has

been used to describe this interaction. The forces  acting on a flat plate

j  of a rea  S are i l lustrated in Fig. 2. As viewed f rom the plate, gas particle s

wi th  average  velocity v approach from a direction making an ang le x with

the sur face  normal. The velocity and angula r distribution of the reflected

par t ic les are charac t e r ized by two parameters, a’ and P. respectively.

The velocity of the reflected particles is

V
r

= V cn .Jf - c ~ 
( I )

so that ~ resembles  the usual thermal accommodation coefficient ,

which  appears  in the relationship

V = - + ~s a’T ~~)

The veloci ty v , which c h a r a c t e r i z e s  the surface temperature , T5, of

th e p late , is given in terms of k , Boltzrnann ’ s constant, and m, the

molecula r wei ght of the gas molecules , b y V
2 

= 3kT 5/Zm. The average

ang le of reflection is

-13-
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imping in g on a f l a t  pl a t e .
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= 
X (1  - F), (3 )  

j

and the angular d is t r ibut ion  of the reflected part icles ranges from pu re

specula r at P 0 to diffuse at P = 1 .

Th e aerod ynamic force  on the plate may be resolved into a drag

component , F0, parallel  to v , and a lift  component, FL, perpendicular

to v and in the plane of v and the normal  to the su r face , g iven by

FD = p v~ s{ 2 cos - 2 Jl - ~ cos ~ cos - (2  - p ) ~ ( 4 )

F L = ~~ p v ~ S ! Z ~~~
l -

~~~~~ 

cos x sin
~~

w _ ( 2 - P ) x 3 1  ‘ 
(5)

whe r e p is the mass densi t y of  the g a s . The quantities in the braces  of

Equations (4) and (5) are the so-called drag (C D ) and li lt (C L) coef-

fi~ ien t s , respectively.

The S3-1 satellite , schematically i l lustrated in Fig. 3 is approximated

a s an a s s e mbly of eight flat plates. In orbit it was maintained with its

spin ax i s  nominally perpendicular to the orbit plane with a spin rate of

al)out 5 rpm. Equations (4) and (5) may be used to calculate the lift and

drag forces  averaged over one spin rotation of the satellite.

Let ~~ , ~~~, ~ be mutually orthogonal unit vectors defining a rectangula r

coordinate system. The spin axis is chosen to lie along the z axis. Consider

a pair of identical flat plates , each of a rea  S, symmetrically placed on

opposite sides of the z axis . Let the outward unit normal vectors  for
A Athe plates , n and ri be given by

- 15-

-

— - -- -- --- — ——--- — — — - — 
~~
.-.- -— — —-a-.



~ 
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j r ~
j-t~. •111~ ~~~~~~~~~~~~~~~~~~~~~ 

1

SPIN AXIS

4,

Fi gure  3. S3-l satell ite shape.
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fl
1 cos — sin x + sin sin r~ y + cos r~ z , (6)

- . . - .- cos - sin x - sin ~ sin ~ y + cos r) 
,~~, 

( 7 )

where ~ and i~ are the azimuthal and polar ang les of 
~ 1’ respe ctively.

For ~ 0 the geometry is as illustrated in Fig. 4.

Consider a stream of gas incident on th e plates coming from the

d i rec tion defined by azimuthal and pola r ang les CPv and O
~~

. The unit

vector in the direction of c~v and O~ is gi ven by
Av sin ~~~~~~~ cj~ ,~~ + ~~~ 0~ cos y + cos O

~ .~~
. (8)

Thus the velocity of the gas molecules is - I v 
~~ ~~. The magnitudes of

the drag and lift forces on plate 1 are then given by Equations (4) and (5)

with cos x = V . . If cos x < 0, the gas stream is incident on the back

side of the plate , in which case both drag and lift forces will be considered

to be zero. (The plate is shadowed by other surfaces of the satellite. )
I-’ ,.. ,.‘ 

,~Unit vectors in the drag and lift directions are F0 = -v  and 
~~L = (,~~x z) x ~~.

Denoting either drag or lift vectors by F (~) ,  a spin averaged force acting

on the pair of plates is given by

~ o +

= f 
- 

2 F (
~

) d~

where 
~~~~

= the spin angle for which is closest to

t - 17-
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F i g u r e  4. Geomet ry  for  ca lcu la t ion  of sp in averaged lift and drag fo r ce s
on a symmetr ica l l y placed pair of flat pla tes  (shown for  ~ 0) .
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Equat ion (9) was used to ca lcula te  sp in-averaged  drag and lift  forces

for  the S3-1 satellite. The asymmet r i c  shape due to the inclined “ roof”

( a t s e s  a non -ze ro  ave rage  lift  force.  The rat io  of lift  to drag  forces

for  v a r i o u s  values of a’ and P is shown in Fi g. 5. It will be shown later

th at onl y value s of a’ near 1 appear tobe  reasonable. The dependence on P

of the l i f t  to drag force  rat io for large values of a’ is seen to be weak.

In  addi t ion , o th er investigations of satellite drag phenomena have given

resu l t s  compatible with  d i f fuse  rather  than specular ref lect ion ( Imbro ,

et al ., 1975; Beletslcii , 19701 . Hereaf ter  we will therefore consider only, the

case P = 1 (d i f fuse  re f lec t ion) .

The nominal o r i en ta t ion  of the spin axis  perpendicular to the orbit

plane was maintained to within about S degrees. To test  for sensitivity

to depar tures  from nominal or ienta t ion , the ratio of spin averaged lift to

d r a g  force  was ca lculated f o r a  range of pitch ang les on either side of

the nominal. The results , shown in Fig. 6 , indicate a st rong de pendenc e

on ac tual spin axis  orie nt a t i on , a p i tc h ang le of only 4 deg being sufficient to

• reduce the l i f t  force to zero. For the calculations described below we

have the re fo re  used the fli ght -determined sp in axis location rather than

assuming nominal orientation . Onl y the availabil i ty of f requent ly determined ,

hi gh qualit y attitude and ephemer is  data has allowed reliable interpretation

of var ia t ions  of orbital elements , for this satellite with its large lift to drag

f o r c e  ratio .

- 19-
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Figure  ~~~. V a r i a t io n  of sp in averaged  lift to drag  f o r c e  ratio with P for
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EFFECTS OF WINDS AND LIFT ON ORBITAL INCLINATION

To determine atmospher i c  w i n d s  f r o m  changes in orb i ta l  inc lina t ion ,

it was f i r s t  necessa ry  to cor rec t  the data for  other known ef fec ts .

Spe c if i c a l ly, lunisolar  and geopotent ial zonal harmonic per turbat ions  wer e

removed; solar rad ia t ion  p ressure  was found to be neg ligible , an d no

cor rec t ions  were made for  it .

In pr inciple , aerod ynamic l i f t  e f f ec t s  could have been removed from

the incl inat ion data in the same manner that the other perturbat ions

were  handled . It was  f ound , however , that the magnitude of the l i f t

e f fec t  was very  sensi t ive to the value adopted for  the accommodation co-

e f f i c i en t , which is not well known or understood . It was decided , there-

fore , tha t th e wind ana lys i s  needed to he conducted for a range of

reasonable value s of the accomodat ion oe f f i c i en t . Th e der iva t ion of  the

l if t  force  was presented in the p rev ious  section. Here , th e li f t f o r c e  i s

a s s umed to be known , and its ef fect  on the i n c l in at i c r ~ w i ll he discussed.

A part icular problem that existed in the present  stud y was  that the

orbital eccentr ic i ty  in the early portion of the data span exceeded a

value of 0. 20 . This precluded the straightforward application of King-

Hele ’s well-known analyt ic e~cpress ion s  (for small eccentr ic i t ies)  that

relate changes in orbi tal  incl ination to atmospher ic  winds (e.g. King -

1’~’le , 1966). Similar~y, in der iving the inclination change due to

aero dynamic lif t , the “ small eccentr ici ty” approximation was  avoided.

-23-  
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The problem of “large eccentricities ” has recently been treated

analyt ical ly by King-Hele  and Walker (1976) , hut as thei r  work was not

avai lable to us at the t ime of our analysis , we shall pro cee d to desc r ibe

our approach , which was numerical  rather  than analyt ic.

The theory relating orbital inclination changes to atmospher ic wind s

and other forces  normal to the orbit has been presented in detail by

Kir ig-Hele (e . g. 1964 , 1966); therefore  no attempt will be made here to

reproduc e his thorough work. It shall be assumed that the reader is

fami l i a r  with King-Hele ’ s work, and only major point s of relevance to

th e pr e s e n t s tud y will be pursued.

Changes  in the orbital incl inat ion arise only f rom forces  normal to

th e orbit plane. In an orbital period T , the average change ~M resulting

from a force per unit  mass f that is normal to the orbit may be

w r i t t e n  ( King-Ilele , 1964)

Eu = I r f c o s  u dt
J r  2 ( 10)

0 L~a a ( 1 - e

where r is the geocentric distance of the satellite , ~i is the gravi ta-

tiona l const ant of the eart h , a is the semi-major axi s, and e is the

eccentr ic ity. The ang le u is the argument of latitude , equal to the sum

of the argument of perigee w and the true anomaly e. The forces

normal to the orbit that are of concern are those due to aerod ynamic

drag (i.e. atmospheric winds) and aerodynamic lift.
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Drag . Us ing  the eccentric  anomaly E instead of t ime t as the

independent variable , King-Hele  (1966 , equation 35) has shown that the

change in inclination per orbital revolution ar i s ing  f rom the drag f orce

4 normal to the orbit is

I

~ iD = - 
~ P p [ r 2 ex p(z cos F - z) Ir( 1 + ~~ Cos E ) i  1 

- . ( 1 1 )
~ 0’ L v~~(l - e2) J

u. sin i cog 2 (a + 0) - cos i cos (T + 0) dE
- sin 2 i sin2 (~~ +

where 0p is the density at peri gee , and z = ae /H , H being the density scale

height at perigee. (Because of the  hi gh t’~ centricity of the orbit, constant

scale hei ght and spher ica l  af tn osp h e r e  assumptions are utilized. ) The

quanti t i e s  w and ~ a re , r e s p e c t i v e l y, the zona l and mer id iona l  angular

ve loc i t i es  of t he a tmosphere , measur ed posi t ive  eas tward  and north-

wa rd . The func t i on  y is nearl y cons tan t  and may be taken to be

~~~ I - r~ W COS i / V p .

w here r is the pe r igee  d i s tance  and v the velocity at peri gee . The

q u a n t i t y  6 in Equation (11) is a funct ion  of the physical  character is t ics

of  t h e sate ll i t e:

•1
= S C /m0 D s ,
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F,

w h e r e  C
D is  t he drag c o e f f i c i e n t  ap p r o p r i a t e  for  a r e fe rence  area SD

of the satellite , and m is the mass of the satellite .S

T he approach used by King-Hele (1966) to evaluate the integral in

Equation (11) involved expansions of the functions in powers of e, ther eby

limitin g the resulting expression for ~ i to small values of e. Whil e

this approximation is adequate for the great majority of satellites , the

error would be too large for this particular satellite , and thus numerical

integration was emp loy ed in this study.

As pointed out by King-Hele , it is useful to eliminate the explicit de-

pendence of ~i ( Equat ion 11) on the per i gee densi ty 
~ 

by use of t he change

in o rb i t a l  per iod per revolu t ion , ~~T . It ma y be shown ( K in g - H e l e , 1964)

that

= - 61T2 ~~~~ 6 a2 Pp e~~ B(z) (12)

where B(z)  = I~ 
+ 2e11 + 3 e

2 (I
~ 
+ + (3 I~ + 134 4

The l ’ s in the expression above are the modified Bessel functions of

the first kind of argument z = ae/Il. It should be noted that Equation (12)

was also derived by expansion in powers of e, hut that sufficient higher

orde r  terms we re retained to permit  its use without ser ious  e r ror  for

eccentricities e —0. 2.
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Substitution of equation ( 12) into (ii) leads to

Zir

Ai = AT /r ~ Fr (1 + e cos F) ]”2 exp(z cos E)
D 

6,i B( z)  ~i) [a(l - eL) J

A sin I cos1 (~ + 0) - c cos i cos(w + 0) dE , ( 13)
[!_s In z i sin 2

where ATD i5 the change in orbital period per revolution expressed as

a fraction of a day, and A and € are  related to the zonal and meridional

wind components by

A = W I W e

€ 
~
‘

where we Z’rr radians per day. It is to be noted that the ratio n a

and the true anomaly 0 are  functions of F:

n a  = 1- e cos E

sin 0 ( a I r )  ~~~~;2 sin E

cos 0 = (a/n) (cos E - e)

Lift. Because of attitude control , the spin-averaged lif t  force on th is

satellite was at all t imes within a few degrees  of the normal to the orbit.

The magnitude of the lift  for ce , l ike that  of the drag force , is  proportional

to the square of the satellite velocit y relative to the ambient air .

-27-



However , little error results if the magnitude is taken to he proportional

to the square of the i n e r t i a l  velocity.  The force  per unit mass normal

to the  orbi t  produced by l i f t  may t hen he w r i t t e n

= 1 p v 2 (Sj ,~ CL /m5
) (14)

where i’ is the atmospheric density, v is the inertial velocity of the

sate l l i te , and CL is the coeff icient  of l i f t  appropriate for an ef fec t ive

sa t ell i te area SL .

By use of &juations (10) and (14) and the relationship

2
v= ~ (1 + e cos F) / r,

as we ll as ot her re la t ionsh ips  between th e or bita l parameters, it may

be shown that  the change in inclination per revolution due to lift is

g iven by

Ai - 

~ 
p a(S C /m )e~~A (z)( 1~e2)~~2 cos w, (15)

L p L L ~

where

.A(z) = (l-e 2 ) I - 
~~ . I + e 121 
~~~~~ 0

and , as before , the I are the modified Bessel functions of the f i r s t
n

kind of a rgument  z ,
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ITsing Equations (10), (12) and (14) and letting T
D 

be the orbital

period in units of a day one obtains

Ai
L 

= AT
D 

cos w SL CL A(z) (16)

3T
D ~/j~~ Z S

D 
C
D 

B(z)

In Equat ion (16), deviation of the satellite spin vector from the

nomina l  position , which would af fec t  the lift force as descr ibed in the

p r e v i o u s  sec tion , i s taken into account by the term (sL CL). which has

been assumed constant over an orbital period , but var ies  on a longer time -

sca le.

Final l y,  in more concise  f or m , the su m of dra g (i .e. atmospheric

w i n d )  and l i f t  e f fec t s  on the orbi ta l  incl inat ion is expressed by

A i = y ( a’ ) + AG + € Gz m, (17)

where f (
~

) is  the aerodynami c lift contribution, given by Al
L 

fAT
0

(Equation 16), whose dependence on o’, the thermal “accommodation

coefficient ,” arises from the ratio (sL
C
L
/ s
D
cD). The ratio of lift to

d r a g  for ces , dis cussed in the previous section. yields (SL
C
L

/S
D
C
D
). The

second and third terms on the right hand side of Equation (17) represent

the zonal and meridional wind contributions , respectively; expressions for

and G are readily der ived  f rom E quation (13) .
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RESULTS

Equation (17) relates the rate of change of inclination to the orbital

parameters. the wind speeds (Aand e), the thermal 
accommodation

coe ff ic ien t  ~ and the satellite geometry 
and orientation. Since all of

t hese quantities except A, c and c~ are known, 
values of A and ~ 

may be

determined which “best” fit  the data corrected for  luni-solar and geo-

potential perturbations for a give n value of ~~~. Thi s best fit was obtained

by in tegrat ing  Equation (17) and evaluating Aand ~ and the initial value

of i in such a way that the data were  fit  in a least-squares sense. A total

of 213 data points were analyzed in this  manner , and the result s of this

p rocedure  a r e desc ribed in th is section . As shown by King -Hele , the

inf e r r e d  atmospher ic  wind speeds apply to an altutude 3/4 of a scale

h e i g ht above the perigee altitude of 460km.

In th is  ana ly s i s , t he  da ta  set was  t r ea t ed  in two ways. First ,

l e a s t - s q u a r e s  f i t s  viere c ar r i e d  out fo r  the ent i re  data set for six value s

of c : l . 0 , 0. 99, 0. 97 , 0 .95 , 0. 85 and 0.70. (Note tha t the effect  of

aerod yn amic  l i f t  v a n i s h e s  for 0’ : 1. 0.)  In all cases , it was found that

t he value of ~; w as poor ly de te rmined , and var ia tions in the value of c

had l i t t l e  e f f e c t  on the value of A deduced. Thi s is primarily due to the

t a (  t t ha t  i i s  nea r  90 ‘leg so that  the e f f e c t  of ~ on i is small (cf . Equation

13). T h e r e f o re , t he f i t s  were  made with -
~ = 0 , and no further discussion

of •-; is given here. Figure 7 shows the least-squares fit to the data for

~i 1. 0, for which the best fit value of j \ is 1. 31 (solid curve ) and for ~

0. 99, for which the best fit value of A is 1.22 (dashed curve). Both cal-

culated curves reproduce the general  evolution of the inclination with time,
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Figure 7. Least squares fits to entire set of inclination data ( cor rec ted
for  lunisolar and geopo tential perturbations) for 0’ 1. 0 (
and ~ = 0.99 ( —  — —).
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the greatest rate of change of inclination occurring during periods in which

the satellite perigee was near the earth ’s equator (w =0 , 180 deg) and

- near the end of the satellite ’s lifetime, when the orbital eccentricity de-

creased rapidly. However , quantitative comparison indicates that the cal-

culated best fits depart substantially from the data (i. e., differences on

the order of 0. 01 - 0. 03 deg).

Table 1 gives the calculated values of A for the six values of o’ noted

above, along with the rms error of the fit. Several features are evident .

The inferred value ofAis fairly sensitive to changes in ~,especially for

values of o’ very near 1. In fact, the value of A inferred from this analysis

indicates an average eastward wind relative to the rotating earth if

0’>0. 85 and a westward wind o therwise .  However , inspection of the value

of the rms error  as a func t ion  of ‘~~ discloses that the rrns error minimizes

in the range 0. 95-~ a <0. 99, so that values of a in this range are more

acce ptable than others.  Orbital considerations, coupled with theortical

treatments of thermospheric winds (Blum and Harris, 1975; Straus et al., 
j

1975 a, b), also tend to favor the value of A associated with the larger  values

of a. As noted earl ier , the local time of satellite perigee lies nearl y in

the 8 hr local time - 20 hr local time plane (see Table 2). During the life-

time of the satellite, perigee occurred on the evening side of the earth

approximately 67% of the time, so that the overall value of I is weighted

twice as strongly by its value at “-20 hr local time, where the theoretical

studies cited above indicate a strong eastward wind , than by that
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Table 1. Calculated values of A for the entire dat a
set for  several  assumed values of a

A RMS error (deg)

1.00 1. 31 1. 24 X l0~~
0. 99 1. 22 7. 87 X 10~~
0. 97 1.16 6.59 X 10~~
0.95 1. 12 7.00 X l0~~
0.85 1.00 1.19 x 10 ’

~
0. 71 0.91 1.74 x l0 2
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Table 2. Character is t ics  of the six

data segments

SEGMENT HEMIS PHERE LST NO.
POINTS

I Northern 21-20 60

2 Southern 20-21 38

3 Southern 8 37

4 Northern 7 32

5 Northern 19 31

6 Southern 19 15
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at —8 hr local time , where westward winds are expected . Thus , the

ca lcu la ted  value of A— ~l. l0-1.20 is understandable , and does not neces-

sa r i ly indica te  an average eastward motion of the atmosphere.

The excellent quali ty of the orbital data allows more detailed

a n a l y s i s  of the changes in inclination than that described above. In order

to inves t iga te  diurnal var ia t ions of A , and to fu r ther  elucidate the effects

of d i f f e r en t  assumed value s of a on the infer red  values of A ,  the data set

has been t rea t ed in a second manner , as follows. As shown in Table 2

and in Fig. 8, the data set was divided into 6 segment s in each of which

the perigee latitude was restricted to lie in one hemisphere and also to

occur on one side of the earth. For example , Segment 1 contains data

point s for which perigee occurred in the nor thern  hemisphere on the

evening ( — ‘22 hr local time) side of the earth , whereas Segment 2

covers the southern hemisphere on the evening side. This division thus

allows us to distinguish variations of A with local time as well as season.

The least-squares fit procedure was carried out for each of the six

segments of data for four values of a : 1. 0, 0. 99, 0. 95 and 0. 85. An

example of the accuracy of the fit is given in Fig. 8, which disp lays

every second data point as an “x”, the calculated fit for a = 0. 99 as a

piecewise continuous solid line , and the residual for each data point. The
— 3

rms error for the entire data set in this case is 1. 33 x 10 deg, a factor

of almost 6 better than that obtained when the entire data set was treated

at once. This overall agreement is considerably better than that which
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Figure 8. Least squa-~es fits to the six segments of inclination data
for a 0. 99. Also shown is the residual of the fit at each data
point. 
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has been attained in this type of analysis  in the past.

The calculated values of A for  each of the six segments are given in

Table 3. In each segment , a substantial  variat ion wit h a of the inferred

value of A is evident, and, for a fixed value of a, the computed value of

Avaries from segment to segment. There is no a priori way to pick the

correct value of a. Examination of the residuals of the fit shows no strong

t endency  towards a par t icular  value of a , although the f i ts  with a> 0. 95

a r c  cons i s ten t ly better  than those for  a = 0.85; however , in no case wer e

the residuals for a = 1.0 less than those for a = 0.99. On the other hand,

if a single value of a applies for the entire lifetime , the values of A

i nf e r r e d  for ci> O. 99 are preferable on the basis  of cornparision with the

t h e o r e t i c a l  s tud ies  c i ted above . These studies predict an eastward ( A > l )

mot ion  d u r i r g  the evening (Segments I , 2, 5 and 6) and a westward (A< 1)

mot ion d u r i n g  the mornin g (Segments 3 and 4); only the results for values

of ‘~. very near 1.0 show this  behavior .
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Table 3 . Calcula ted values of A for the six data segments
for  seve ra l assumed values of ~

SEGMENT ~ 1.00 a 0. 99 a 0.95 a 0.85

I L 82 1.11 1. 60 1.47

2 1.92 1.61 1.29 0.91

3 0.61 1.03 1.48 1.98

4 0. 38 0.47 0. 57 0. 67
5 1.80 1.41 0.99 0.52

6 1.79 1.41 1.00 0.55
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DISCUSSION AND SUMMARY

The present paper has dealt with the effect- - of upper atmospheric winds

and ae r od ynamic lif t  on the changes in inclination of the orbit of the S3-l

sate llite. Aerod ynamic lift e f fec t s  have not been considered in previous

studies  to deter mine atmospher i c  wind s f rom changes in inclination, and

onl y the hi gh quality of orbit and attitude data for this satellite has per-

mitted it in thi s case.

The argument  is occasionally advanced that aerodynamic lift effects

may be ignored for satellites which do not have an active orientation

mechanism because such satellites undergo random tumbling motion . It j  -

should be noted , however , that in the absence of disturbances such as

aerodynamic torque , a spinning satellite will maintain its angular momentum,

and thus its spin axis will be iner t ia ll y fixed. For asymmetric satellites

• (such as S3-l) the spin averaged  lift force  may be non-zero. Great care

should the re fo re  he exercised before aerod ynamic lift effects are ignored

for asyrr  metric satellite shapes , even for those which are  tumbling

‘ randomly. ’

As discussed in the previous section , the lift force , and hence the

i nferred values of the zonal wind speed and direction, are quite sensitive

to the assumed value of the thermal accommodation coefficient. Analysis

of the zonal winds derived using d i f fe ren t  assumptions of the value of a

indicates that best agreement with current theoretical thermospheric

models is attained when nearly complete thermal accommodation is

assumed (i. e, 0’ ~ 1. 0). There have been a few studies dealing with the

value of a appropriate for an orbiting satellite. Imbro et al. (1975),
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‘~s in i ~ sp in ra t e  deca y data f r o m  Arid  Z (peri gee altitude — 300 km) , estimated

a n  accommodat ion  coe f f i c i en t  near 0. 9 and d iscussed  the possible increase

of ~ w i t h  dec reas ing  al t i tude (associated with the increase  in atmospheric

c o n c e n t ration o f atomic oxygen) . In fact , Beletskii  (1970) has ana lyzed

sp in rate data f rom the paddle wheel satellite Proton 2 (perigee altitude

190 km)  and concluded that ‘ > 0. 99. Beletski it s results and the discussion

of Imbro  et al. thus support the assumption of la rge  values of a, which

seem most reasonable on the basis of the e f fec t s  of aerodynamic lift on

i n f e r r e d  atmo spheric  wind . These  value s of a were derived assuming

mode ls which did not include possible surface  chemis t ry  effect s. Atomic

oxygen , a major constituent in the thermosph ere , is hi ghly reactive , and

it is not unl i k ely that a satellite surface may become covered with a chemi-

sorbed layer  of atomi c oxygen . An incoming atomic oxygen atom mi ght

th en  collide with the s u r f a c e , reco mbine with a sur face  adatom, and be

r e - e m i t t e d  as a molecule. Present  knowledge of surface chemistry does

not allow t rea tment  of such ef fec ts  with confidence.

Assuming that value s of a-~~~l are indeed correct , the present study

provides some information regarding the diurnal variations of the zonal

wind  speed and direction at — 175 km altitude. For local times in the

range  19-21 hr the calculated wind is eastward and has a magnitude of

— 400 rn/sec.  For local t imes of 7-8 hr , the calculated wind is west-

ward  and on the order of 200 rn/ sec.  These directions are in agreement 
—

w i t h  the theoretical studies cited earl ier , and the wind speeds are in

genera l agreement  with , or somewhat larger than, those predicted theo-

retically. The wind speeds also are simila r to the results of other obser-

vations at comparable alti tudes (Ching,  1971 ; King-Hele , l972b; Forbes ,

I ~ 7 5) .
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No seasonal  var ia t ions in wind speed are  evident in the present  results with

a 1. The possible dependence of wind speed on the level of magnetic

a c t i v i ty,  noted by Forbes (1975), could not be investigated , since the

average  va lue of A~ for each of the 6 data segments was about the same.

Since the value of a is not well known , and since the inferred  wind

speeds and direct ions a re  so sensit ive to small deviations of a from unity,

the above-mentioned wind speeds can be regarded  as being only approximate.

Althoug h it is g ra ti f y ing that “accept ab le” wind propert ies have been found

to be consistent with “acceptable” accommodation coefficient s, it is

never the less  apparent that accura te  atmospher ic wind speeds cannot be

obtained f rom this  part icular  satellite because of the uncertainty in the

accommodation coeff ic ient .  The ef fec ts  of l i f t  and its dependence on the

accommodation coeff ic ient  will , of c o u r s e, depend on the individual

c , a rac te r i s t i cs  of a satellite ’ s shape and orientation . The almost wing -

like shape of S3-l undoubtedly is capable of generating lift forces  larger

than would more symmetrically shaped satellites. If accurate zonal wind

veloci t ies  a re  to be derived f rom measurements of satellite orbital incli-

nation changes , care must be taken to ensure that the shape and orientation

of the satellite are  such that the lift fo rces  generated are sufficiently small

that the resulting uncertainty due to inadequate knowledge of the accornmo-

dation coefficient does not cause significant error .
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operation , of The Aer o,p5ce Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
app lication of scient i f ic  advances to new milita ry concepts and systems. Ver-
sati l i ty and flexibility have been developed to a high degree by the laborator y
personnel in dealing with the man y problems encountered in the nat ion ’s rapidly
developing space and miss i le system.. Expertise in the late st scientifi c devel-
opments is vital to the accomplishment of tasks related to these problems , The
laboratories that contribute to this research are:

Aerophy sics Laboratory : Launch and reentry aerod ynamic , , heat trans-
fer . re en t ry ph ysics,  chemical kinet ics , structural mechanics , fli ght dynamic s,
atmosp heric pollut ion , and high-power gas lasers,

Chemistry and Physic s Laboratory : Atmosp heric reactions and atmos-
pheric op tics , chemical reaction, in polluted atmosphere. , chemical reac tions
of excited species in rocket plumes , chemical thermod ynamics , plasma and
laser-induced reactions , ta ae~ chemistry, prop ulsion chemistr y, space v acuum

• and radiation effect ,  on material . , lubrication and surface phenomena , photo-
sensit ive material s and sensors , high precision laser ranging, and the app li-
cation of p h ysics and chemistry to prob lem. of law enforcement and biomedicine.

Elect r onics Research Laboratory : Electromagnetic theory, devices , and
propagation phenomen a , includ ing p lasma electromagnetics; quantu m electronic. ,
laser s , and electro -op tic , ; communication sciences , applied electronics , semi -
conducting, superconducting, and crystal device physics , optical and acoustical
imaging; atmospheric pollution; millimeter wav e and far-infrar ed technology.

Materials Sciences Laboratory : Development of new materials ; metal
matrix composites and new form. of carbon; teSt and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapon, environment; application of fractur e mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laborato ry : Atmospheric and ionosp heric physics , radia-
tion from the atmosp here , density and composition of the atmosp here. aurorae
and air giow; magnetospher ic physics , cosmic rays , generation and pro pagation
of p lasma waves in the magnetosphere; solar physics , studies of solar magnetic
fields;  space astronomy, x_ ray  astronomy; the effects of nuclear explosions ,
mag netic storms , and solar activity on the earth’ s atmosphere , ionospher c. and
magnetosp here; the effects of optical , electromagnetic , and particulate radia-
tions in space on space systems.
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